In this work, we focus on the implementation of reconfigurable distributed multiple-input multiple-output (RD-MIMO) schemes in practical communication environment. Considering RD-MIMO schemes, we raise an original research question, i.e., under what scenario whether we should recruit-thentransmit to multiple mobile receivers simultaneously or just recruit-then-transmit to one best selected mobile receiver. To address this question, we design a spatial multiplexing RD-MIMO (SM-RD-MIMO) scheme and an opportunistic RD-MIMO (O-RD-MIMO) scheme for the scenario of multiuser communication and that of one single best user communication, respectively. Aiming at the practical implementation of the RD-MIMO schemes, we choose zero-forcing (ZF) and maximal ratio transmitting (MRT) as beamforming strategies for the SM-RD-MIMO scheme and the O-RD-MIMO scheme, respectively. To evaluate the performance of the proposed schemes, we formulate sum rate maximization problems and solve the formulated problems analytically under some specific network settings. Through analytical and numerical examples, we show that the SM-RD-MIMO scheme outperforms the O-RD-MIMO scheme at moderate and high transmit signal-to-noise ratio (SNR) regimes, and vice versa at low transmit SNR regime. In addition, via numerical results, we provide a new finding that the ZF precoding under dynamic transmit power threshold-based per transmitter power constraint (PTPC) gives the same performance as that of the ZF precoding under sum power constraint (SPC).
I. INTRODUCTION
Multiple-input multiple-output (MIMO) techniques have been proven to significantly improve the achievable data rate of practical communication systems [1] , [2] . Indeed, 5G New Radio (NR) uses massive MIMO schemes together with millimeter wave (mmWave) as key techniques to improve the enhanced mobile broadband (eMBB) [3] . However, MIMO schemes for massive machine type communication (mMTC) have remained developing and there are still some challenging problems [4] . For instance, how to develop MIMO techniques for mMTC networks with distributed network topology, asynchronous transmission, and grant-less access. Additionally, in such networks, under what scenarios, whether single-user MIMO (SU-MIMO) or multiuser The associate editor coordinating the review of this manuscript and approving it for publication was Irfan Ahmed .
MIMO (MU-MIMO), which are either considered to implemented in 5G NR [2] , is more appropriate.
In this work, we focus on the concept of reconfigurable distributed MIMO (RD-MIMO) schemes [5] - [7] , in particular, its implementation in practical communication systems such as mMTC networks. Next, we elaborate on the rationale behind the RD-MIMO schemes and its distinct characteristics in comparison to other existing distributed MIMO schemes.
A. THE CONCEPT OF RD-MIMO SCHEMES
Specifically, the source and the destination rely on local central units, e.g., close-by mobile access points [8] or mobile relay stations [9] , to form a transmit cluster and a receive cluster, respectively. More specifically, the source informs a nearby mobile access point or a mobile relay station, which now acts as a transmit cluster head, about its data transmission to the destination. The transmit cluster head recruits adjacent mobile nodes as to form the transmit cluster. With a similar manner, the receive cluster is formed. We assume that the intra-cluster channels are high-speed and free-error channels. The individual mobile nodes in the transmit cluster and in the receive cluster are also referred as individual transmitters and receivers, respectively.
In data transmission, the transmit cluster head coordinates the individual transmitters in the transmit cluster to operate as a virtual multi-antenna transmitter. The source sends its data to the transmit cluster head over an uplink intra-cluster channel. The transmit cluster head fragments the data of the source into pieces based on the degrees of freedom and the selection mode of RD-MIMO schemes and processes these pieces of data to feed them into the virtual multi-antenna transmitter via downlink intra-cluster channels. Note that the source also participates as an individual transmitter in the virtual multi-antenna transmitter. The virtual multi-antenna transmitter sends these pieces of data to target receivers 1 in the receive cluster using RD-MIMO schemes.
In contrast to the transmit cluster, the individual receivers in the receive cluster are constrained to decode received signals independently and without cooperating. Specifically, an individual receiver in the receive cluster receives signals from the transmit cluster and decodes its targeted piece of data. Next, it sends this decoded piece of data to the receive cluster head via an uplink intra-cluster channel. The receive cluster head combines all received pieces of data and forwards them to the destination via a downlink intra-cluster channel. Note that the destination can be one of the receivers in the receive cluster.
We consider that the source and the destination are assumed to communicate over a relatively long inter-cluster distance, whereas the intra-cluster distances from mobile nodes to the cluster heads are assumed to be relatively short compared to the inter-cluster distance. For instance, the communication between a cluster head with its members can be conducted over high-speed, error-free channels such as WiFi Direct links [10] , or local short-range communication techniques such as Bluetooth or Ultra-wide band (UWB) [11] . Importantly, the number of mobile nodes in the clusters can be reconfigurable based on channel conditions and pre-defined Quality-of-Service (QoS), as in [5] . Thus, we refer the channel between the transmit and receive clusters as a reconfigurable distributed-MIMO channel.
In this work, considering the transmit cluster as a virtual multi-antenna transmitter, we pay our attention on the reconfigurable and distributed receive cluster. Specifically, we raise 1 The pieces of data are randomly mapped/assigned to target receivers. an authentic research question that whether recruiting-thentransmitting to multiple individual receivers in the receive cluster or recruiting-then-transmitting to only one best individual receiver in the receive cluster gives higher capacity and under what system setting such a superior strategy should be performed. To address this question, we propose two RD-MIMO schemes, namely spatial multiplexing RD-MIMO (SM-RD-MIMO) scheme and opportunistic RD-MIMO (O-RD-MIMO) scheme.
Specifically, in the former scheme, i.e., the SM-RD-MIMO scheme, to exploit the spatial multiplexing gain, all receivers in the receive cluster participate into the RD-MIMO transmission. Particularly, the transmit cluster head fragments the data of the source into n r equal pieces of data, where n r ≥ 1 is the number of individual receivers in the receive cluster. The transmit cluster multiplexes these n r data streams and transmits to the receive cluster. At the receive cluster, each individual receiver decodes its targeted piece of data subject to multi-user interference and send the decoded data to the receive cluster head. The receive cluster head forwards the combined data to the destination.
In the later scheme, i.e., the O-RD-MIMO scheme, to exploit the spatial diversity gain, based on channel state information (CSI), an individual receiver that estimately achieves the highest capacity compared to other receivers in the receive cluster is selected to participate into the RD-MIMO transmission. In this case, the transmit cluster encodes the data of the source and transmits to the selected receiver. At the receive cluster, the selected receiver decodes the data without subjecting to multi-user interference. If the selected receiver is not the destination, it sends the decoded data to the receive cluster head, and the receive cluster head forwards the data to the destination.
B. RELATED WORKS
In this subsection, we review some existing distributed MIMO schemes, and we point out the differences between the RD-MIMO schemes and other schemes in terms of their rationale despite their similarity in terms of network architecture.
Conceptually, in distributed, or virtual, or cooperative MIMO schemes, individual transmitters and receivers are allowed to cooperate to form a MIMO system [12] - [14] . Technically, in [15] , the authors consider a cooperative MIMO channel where there are multiple distributed transmitters communicating with multiple distributed receivers. The transmitters are allowed to cooperate to create a virtual multi-antenna transmitter, whereas the receivers are independent and non-cooperative. The authors propose the concept of zero forcing-dirty paper coding (ZF-DPC) as a precoding strategy for the considered system. In [16] , the authors consider a similar system model, however, the transmitters are collocated and create a multi-antenna array. Such a system is referred as an MU-MISO downlink (DL) channel or an MU-MISO broadcast channel (BC). In [17] , the authors considered the sum rate maximization problem in multi-antenna broadcast channel.
Zero-forcing (ZF) beamforming (BF) is one of linear transmit precoding strategies in MIMO communication systems [18] . Additionally, ZFBF can be considered as the most common linear precoding strategy and has been studied extensively in multiuser systems. The basic idea of ZFBF is to use the pseudo-inverse of the channel matrix as BF matrix, so that inter-interference between users is forced out.
In [19] , the authors study sum rate maximization problem for MU-multiple-input single-output (MISO) systems using ZFBF under sum power constraint and per antenna power constraint. The authors solve the power allocation problem using semi-definite relaxation method. In [20] , the authors study the sum rate maximization problem of MU-MISO systems using ZFBF under per antenna power constraint; the BF matrix is the Moore-Penrose matrix of the channel matrix and the power allocation method is a water-filling method.
In [21] , the authors introduce the concept of cooperative MISO scheme. In [22] , the authors study the performance of maximal ratio transmitting (MRT) beamforming in MISO channel under the sum power constraint. In [23] and [24] , the authors address the MISO capacity maximization problem under per antenna power constraint.
As we can observe in the system models considered in above related works, transmitters have their own data intended to be transmitted, and receivers have their own target data. The key difference of RD-MIMO from conventional ditributed MIMO or cooperative MIMO is that the transmission is aimed for only one source-destination pair, and the RD-MIMO schemes are just tools utilized to conduct this data transmission. It is noteworthy that an RD-MIMO scheme is an intermediate tool to transmit data from a particular source to a target destination. The transmitted data of the source are fragmented and distributed to cooperative transmitters. The received data are collected from cooperative receivers by the receive central unit and are locally transmitted to the destination. This principle is totally different from the principles of conventional distributed MIMO. In conclusion, RD-MIMO is a novel concept of distributed MIMO.
More specifically, in [5] , the authors introduce the concept and the architecture of RD-MIMO. Particularly, the authors propose the rationale of reconfiguration of distributed mobile MIMO systems. In [6] , the authors study RD-MIMO schemes in the context of physical layer security with constrained location eavesdroppers. In [7] , the authors improve the robustness of the physical layer security of RD-MIMO schemes by allowing full-duplex receivers to jam the eavesdroppers.
C. CONTRIBUTIONS
Different from the works in [5] - [7] , in this paper, we focus on the receive cluster, whereas the prior works focused on the transmit cluster. Specifically, those works assume that individual receivers do not decode the received signals by themselves. Instead, they send the received signals to the receive cluster head and the receive cluster head performs signal decoding. In contrary, in our work, we constrain that receivers decode the received signals by themselves and only send the ''raw'' data to the receive cluster head.
To this end, we propose the SM-RD-MIMO scheme and the O-RD-MIMO scheme. Since the SM-RD-MIMO scheme is more complicate in terms of the system structure than the O-RD-MIMO scheme, we pay more attention on its design. Specifically, in the SM-RD-MIMO scheme, we use ZFBF as the beamforming strategy. We then respectively take into account the sum power constraint (SPC) and the per transmitter power constraint (PTPC) in its power allocation problems. It is noteworthy that the PTPC is more practical than the SPC, nevertheless, the power allocation problem under PTPC is difficult to solve analytically. In the case of the O-RD-MIMO scheme, we use MRT as the beamforming strategy and address the power allocation problem under SPC. The contributions of our work can be summarized as follows.
• Focusing on the implementation of RD-MIMO in practical communication environment, we raise an authentic research question that whether recruiting-thentransmitting to multiple mobile nodes in the receive cluster or recruiting-then-transmitting to only one best mobile node in the receive gives better performance and under what system setting such a superior strategy happens. To this end, we propose the SM-RD-MIMO scheme and the O-RD-MIMO scheme.
• We formulate the sum rate maximization problems of these schemes under various power constraints. Given the appropriate choice of beamforming strategies, the sum rate maximization problems transform into the power allocation problems. We provide closed-form solutions to the considered problems under some specific system settings. We provide both analytical and numerical solutions to demonstrate the correctness of the developed analysis carried out in our work.
• We show the advantages and the drawbacks of the proposed schemes. Notably, the SM-RD-MIMO scheme with ZFBF outperforms the O-RD-MIMO scheme with MRT beamforming at moderate and high transmit SNR regime, and vice versa at low transmit SNR regime.
• We show that ZFBF under dynamic transmit power threshold-based PTPC achieves the same performance as that of ZFBF under SPC. To the best of our knowledge, this finding has not been reported in the literature. In conclusion, in this paper, we derive the maximization of the sum rate of the proposed RD-MIMO schemes under our system settings. In particular, we formulate the power allocation problems of the SM-RD-MIMO scheme with ZFBF and the O-RD-MIMO scheme with MRT beamforming. We consider the power allocation problem of ZFBF-based SM-RD-MIMO scheme under SPC and PTPC, and that of MRT beamforming-based O-RD-MIMO scheme under SPC, and we derive the closed-form solutions to the formulated problems under specific network settings. Using analytical and numerical results, we demonstrate that the SM-RD-MIMO scheme outperforms the O-RD-MIMO scheme at moderate and high transmit SNR regimes, and vice versa at low transmit SNR regime. We show that the SM-RD-MIMO scheme, ZFBF under SPC is superior than under fixed TPT-based PTPC, whereas ZFBF under dynamic TPT-based PTPC provides the same performance as that of ZFBF under SPC.
The organization of the paper is as follows. In Section II, we mathematically present the system model of the SM-RD-MIMO scheme and the O-RD-MIMO scheme; in each respective sub-section, we formulate the sum rate optimization problems describing the design goal of each scheme. In Section III, we present our proposed solution to the formulated problems; some derivation steps are presented in appendices. In Section IV, we present some representative numerical examples to discuss on the performance of the proposed schemes and to answer our research question. In Section V, we conclude the work and its key findings.
Notations: Bold lower-and upper-case letters denote vectors and matrices, respectively. [A] i,j denotes the (i, j)th element of matrix A. The superscript (.) T , (.) * , (.) H , and (.) † denote transpose, complex conjugate, complex-conjugate transpose (Hermitian transpose), and pseudo-inverse, respectively. tr{.} denotes the trace operator. C m×k denotes the space of complex matrices of dimensions given as in the superscripts. |.| denotes the absolute value. . denotes the Euclidian norm, diag{x} denotes a square diagonal matrix with elements are the entries of x. CN(0, σ 2 ) denotes a circularly symmetric complex Gaussian random variable (RV) with zero mean and variance σ 2 . E[.] denotes the expectation operation.
II. SYSTEM MODEL
We consider a transmission from a source S to a destination D. The transmit cluster has n t ≥ 1 single-antenna mobile transmitters, 2 which are coordinated by a transmit cluster head, e.g., a mobile access point or a mobile relay station. The receive cluster has n r ≥ 1 single-antenna mobile receivers, 3 which are coordinated by a receive cluster head. We emphasize again that in the design of the RD-MIMO system considered in this work, each receiver decodes its received signals individually and independently, whereas the transmitters are cooperated to form a virtual multiple-antenna transmitter, thus, the RD-MIMO system can be viewed as a superposition of n r MISO systems. We assume that the CSI is globally known within the considered system. This assumption is reasonable for time division duplex (TDD) systems [14] , [25] .
A. THE SM-RD-MIMO SCHEME
In the SM-RD-MIMO scheme, all single-antenna transmitters in the transmit cluster participate to form a virtual multiantenna transmitter, whereas all single-antenna receivers in the receive cluster participate in the RD-MIMO transmission, nevertheless, process received signals individually by 2 The source S is one of the transmitters. 3 The destination D is one of the receivers. themselves. Consequently, depending on the cardinality of the receive cluster, i.e., n r , the transmit cluster head fragments the data of the source into n r equal pieces of data, each piece is transmitted to a target receiver in the receive cluster. Note that a certain piece of data is randomly targeted/assigned to a certain receiver. The operation of the SM-RD-MIMO scheme is depicted in Fig. 1 .
The transmit data symbol vector, s ∈ C n r ×1 , is written as
where s k , k ∈ {1, . . . , n r }, is the data symbol targeted to receiver k, and we assume that E |s k | 2 = 1, E s i s j = 0, i, j = 1, . . . , n r , i = j, which is also expressed as E ss H = I n r . For instance, in the case of n r = 2, it means that
The data signals are separated spatially at the transmit cluster head using a precoder W = w 1 , . . . , w n r ∈C n t ×n r , where w k ∈ C n t ×1 , k ∈ {1, . . . , n r }, is the precoding vector associated with receiver k. Each column of the precoder is expressed as
where w j,i ≡ w j←i 4 denotes the component associated with the transmission from transmitter i to receiver j, where i = 1, . . . ,n t , j = 1, . . . ,n r . Note that the squared norm w k 2 is the power allocated for the data transmission to receiver k.
The precoding matrix can be re-written as
Note again that each column of W is associated with one MISO channel from the transmit cluster to a receiver in the receive cluster. The transmit signal vector at the transmit cluster, x ∈ C n t ×1 , is written as
. .
where x m , m ∈ {1, . . . , n t }, is the transmit signal from transmitter m. Recall that s k , k ∈ {1, . . . , n r }, is the data symbol targeted for receiver k. Consequently,
Let h k ∈ C n t ×1 , k ∈ {1, . . . , n r }, be the channel from the transmit cluster to receiver k, which are expressed as
According to [26] , the channel matrix is typically represented by H ∈ C n r ×n t , each column of H, i.e., [H] :,m , m ∈ {1, . . . , n t }, corresponds to a SIMO channel transmitting from transmitter m to the receive cluster, each row of H, i.e., [H] k,: , k ∈ {1, . . . , n r }, corresponds to a MISO transmitting from the transmit cluster to receiver k. The channel matrix, H ∈ C n r ×n t , can be written as
Also, H is assumed as a full row-rank matrix [19] means all receivers are independent to each other. Note again that each row of H in (6) is associated with one MISO channel from the transmit cluster to a receiver in the receive cluster.
The received signals at receiver k can be expressed as
where z k ∼ CN(0, 1) is the additive white Gaussian noise (AWGN) with zero mean and unit variance at receiver k.
The compact form of the SM-RD-MIMO scheme is written as
where y = y 1 , . . . , y n r T , H = h 1 , . . . , h n r H ,
More specifically, we have that
also
Using single user detection [27] , where the targeted receiver treats the interference from other receivers as noise, the signal-to-interference-plus-noise (SINR) at receiver k, which is averaged over s and z, is given by
The instantaneous rate achieved at receiver k is expressed in nats/sec/Hz as
The design goal of the SM-RD-MIMO scheme is to maximize the sum rate of the channel, i.e., the sum of rates achieved at the receivers. Next, the design goal is described via some optimization problems as presented next.
Recall that P denotes the transmit power budget of the transmit cluster. We aim at designing the precoder W that maximizes the instantaneous sum rate of the system under the given power budget. We first consider the sum power constraint (SPC), where the sum of the effective transmit power of the transmitters does not excess the given power budget. On the other hand, due to the distributed characteristic of RD-MIMO, and individual transmitters have different energy capabilities, it is more practical to consider the per transmitter power constraints (PTPC), where the effective transmit power is constrained by an individual transmit power threshold (TPT) imposed at each transmitter.
The power allocation coefficients can be determined at the transmit cluster head based on the collected CSI and then informed back to all the transmitters in the cluster via inter-cluster control channels.
1) SUM POWER CONSTRAINT (SPC)
For the given power budget P, the sum power constraint (SPC) is expressed as
since E |s k | 2 = 1. Thus, the sum rate maximization problem of the SM-RD-MIMO scheme with ZFBF under SPC is formulated as
2) PER TRANSMITTER POWER CONSTRAINT (PTPC)
Since the individual transmitters in the transmit cluster have different power capabilities, the transmit power at each transmitter should be adjusted individually by the transmit central unit, which we referred as the per transmitter power constraint (PTPC). The PTPC applied at the transmitter m, m = 1, . . . , n t , is expresses as
where θ m is maximum transmit power, also is referred as transmit power threshold, that transmitter m can use to transmit x m , which is a predefined parameter. Thus, the sum rate maximization problem of the SM-RD-MIMO scheme with ZFBF under PTPC is expressed as
B. THE O-RD-MIMO SCHEME
We still consider the RD-MIMO system model as described in the previous subsection, but now the RD-MIMO system performs single-user communication. Specifically, during a certain transmission block, the transmit cluster just communicates with only one best receiver in the receive cluster, which is selected to assist the destination, as depicted in Fig. 2 . Consequently, during the considered transmission block, the O-RD-MIMO scheme operates as a MISO scheme. Without loss of generality, we assume that receiver k, k ∈ {1, . . . , n r }, is selected to assist the source-destination transmission in a certain transmission block. Let s k , where E |s k | 2 = 1, denote the data symbol targeted for receiver k. Let v k ∈C n t ×1 denote the precoding vector associated with receiver k, which can be written in detail as
where v k←i , i = 1, . . . , n t , denotes the precoding coefficients associated with the transmission link from transmitter i to receiver k. The channel and AWGN noise are described as in the SM-RD-MIMO scheme.
In the O-RD-MIMO scheme, the transmit signal vector at the transmit cluster, x ∈ C n t ×1 , is written as
where x i , i = 1, . . . ,n t , is transmit signals from transmitter i. The received signal at receiver k is expresses as
The received signal-to-noise ratio (SNR), which is averaged with respect to the data symbol and the noise power, is expressed as
since E |s k | 2 = 1 and E |z k | 2 = 1. Thus, the instantaneous achievable rate (nats/sec/Hz) at receiver k is expressed as
The design of the O-RD-MIMO scheme is expressed as follows. First, we find the beamforming strategy that maximize the achievable rate of each MISO channel k, k = 1, . . . , n r , by solving the following optimization problem.
We then select receiver k ∈ {1, . . . , n r }, that achieves the highest optimal rate, as
III. PROPOSED SOLUTIONS AND PERFORMANCE ANLYSIS
The objective of this work is to create practical designs of RD-MIMO schemes yet maximize the amount of data transmitted from the source to the destination via the RD-MIMO channel. To this end, we formulate the problem as a sum rate maximization problem. It is noted that the transmitters are distributed, thus, the problem can also be formulated as a multivariate optimization problem and can be characterized as a weighted sum rate maximization problem. Nevertheless, the sum rate maximization can be considered as the best effort service among weighted sum rate maximization problems [28] . On the other hand, the max-min fairness optimization problem has been considered as one of typical resource allocation problems in cooperative MIMO systems [29] . However, the fairness issue among receivers is not a concern in the design of RD-MIMO schemes since the cooperative receivers are just helpers and do not demand their own QoS. In addition, in this work, we use linear precoding (LP) [18] , which is also known as beamforming (BF), as a BF technique at the transmit cluster to serve multiple receivers over the same time-frequency resource. It has been known that dirty paper coding (DPC) [30] is the capacity-achieving precoding in downlink MU-MISO systems. However, DPC is a non-linear transmission technique and requires a high computational burden to be implemented in practical systems [31] , [32] . Additionally, DPC is not appropriate for RD-MIMO systems since the numbers of transmitters and receivers participating in RD-MIMO transmission frequently change. In contrary, LP is commonly suboptimal in comparison to DPC but it just requires a low complexity operation [31] , [32] .
A. THE STRUCTURE OF A LINEAR PRECODER
The general structure of a linear precoder consists of two parts, namely beamforming (to determine the directivity) and power allocation (to determine the transmit power coefficients) [16] . Let w k = √ p kw k (25) where p k andw k are the transmit power scaling factor (for power allocation) and the beamforming weight vector (for beam direction) for receiver k. In other words, p k denotes the beamforming power for the transmission to receiver k andw = w 1 , . . . ,w n r is the beamforming matrix. Thus, the precoder matrix W can be re-expressed as
where P = diag(p 1 , . . . , p n r ). With the coordination of the transmit cluster head, this structure of LP can be employed to the both SM-RD-MIMO and O-RD-MIMO schemes.
B. THE POWER ALLOCATION PROBLEM OF THE SM-RD-MIMO SCHEME WITH ZFBF UNDER SPC
In the SM-RD-MIMO scheme, we focus on how to deal with the inter-receiver interference, aiming at providing a fair comparison with the O-RD-MIMO scheme, in which the selected receiver does not suffer inter-receiver interference. To this end, we employ the transmit zero-forcing beamforming (ZFBF) [19] , which can be considered as the most common linear precoding scheme and has been studied extensively in multiuser systems. The basic idea of ZFBF is to use the pseudo-inverse of the channel matrix as the BF matrix, so that inter-interference between users is forced out [19] , [33] . Considering ZFBF, the sum rate maximization problem of the SM-RD-MIMO scheme under SPC is expressed as
As reported in [19] , the optimal solution of the sum rate maximization problem in MU-MISO systems with ZFBF system under sum power constraint is to use the pseudo-inverse channel as the beamforming matrix. According to the structure in (26) , the beamforming matrixW is now the pseudo-inverse of the channel matrix, which is expressed asW
With this given ZFBF matrix, after some algebraic steps, as presented in Appendix A, the sum rate maximization problem transforms into the following power allocation problem, which is expressed as
where w k 2 = [(HH H ) −1 ] i,i is determined based on the CSI of the RD-MIMO channel. Note thatw k , k = 1, . . . , n r , are not optimization variables.
Problem (29) is a convex problem and can be solved numerically using an optimization solver, such as CVX [34] . However, such a solver is infeasible to be executed at a central unit, which typically has low computational capability. In this work, we aim to provide a closed-form solution to the problem so that the power coefficients can be calculated offline based on the CSI of the channel. The following theorem provides the closed-form expression for the solution to problem (29) .
Theorem 1: The power allocation matrix P = diag{p 1 , . . . , p n r } is analytically determined by the waterfilling solution as
where [x] + = max {x, 0}, and µ is selected to satisfy
where w k 
Consequently, the sum rate maximization problem of the SM-RD-MIMO scheme with ZFBF under PTPC is written as maximize w k ,k=1,...n r
The sum rate maximization problem of the SM-RD-MIMO scheme with ZFBF under PTPC transforms into the following power allocation problem, which is expressed as maximize p k ,k=1,...n r n r k=1
Note thatw k←m is the (m, k)-th element of the n t × n r ZFBF matrixW = H H (HH H ) −1 . At this point, we consider that θ m ,m = 1, . . . ,n t , is a predefined parameter, which is referred as the fixed transmit power threshold. Problem (35) is a convex problem since the objective function is a concave function, each inequality constraint is the affine function of the decision variables p k . Thus, problem (35) can be solved numerically using an optimization solver, such as CVX. Despite the compact form of (35) , to the best knowledge of the authors, it does not admit a general closed-form solution. In this work, we are able to provide a closed-form solution to problem in the specific case of the arbitrary number of transmitters and two receivers. Our closed-form solution is based on the method presented in [24] .
Specifically, we consider a special case when there are two receivers in the receive cluster, i.e., n r = 2. Consequently, the finding optimal solution now is just a point, i.e., (p 1 , p 2 ), in the two-dimensional space. Also, the hyperplanes, in which each hyperplane corresponds to one power constraint in (35) , are lines, and the intersection of two hyperplane is just a point. In this case, i.e., n r = 2, problem (35) is rewritten as
Recall that θ m denotes the transmit power threshold at transmitter m, and is a fixed constant in this case, e.g., θ m = P/n t as in [19] .
In order to deal with the n t power constraints in (36b), we just consider one power constraint at a certain transmitter individually, while the other transmitters are not constrained. Assuming that we consider the power constraint at transmitter m, m∈ {1, . . . ,n t }, we are first going to solve the following optimization problem, i.e., maximize
Specifically, letp (m) = [p 1 (m) ,p 2 (m)] T denote the solution to this problem, i.e., (37) , wherep k (m) , k = 1, 2 is the power allocated to the transmission from transmitter m to receiver k. Problem (37) can be solved analytically using Lagrange multiplier method as done for problem (29) and its water-filling solution is written aŝ
and the power level (water level) µ is selected to satisfy
Note thatw k←m is the (m, k)-th element of the ZFBF matrixW in (28) . Next, by considering problem (37) at each transmitter individually, we are able to collect n t points (solutions) (p 1 (m) ,p 2 (m) ),m = 1, . . . ,n t . Let A = {(p 1 (m) ,p 2 (m)), m = 1, . . . , n t } be the set of these points (solutions). Additionally, let F denotes the feasible set of problem (35) , i.e., [24] states that any point (p 1 (m) ,p 2 (m)) ∈ A ∩ F is the optimal solution to (35) .
Moreover, we now consider the case in which A ∩ F = ∅. This circumstance occurs because as we mentioned early that each point in A is resulted from the power constraint considered solely at one transmitter while the other ones are unconstrained. In this case, i.e., A ∩ F = ∅, we no longer consider set A, instead, we consider a set of intersections of two arbitrary hyperplanes (note again that a hyperplane in the two-dimensional space is a line). Let p 1 (i, j) ,p 2 (i, j) denote the intersection point of the line
and the line
where i, j ∈ {1, . . . ,n t }. Note thatp k (i, j) , k ∈ {1, 2} is the power allocated to the transmission to receiver k that satisfied the power constraint at both transmitter i and transmitter j. From the definition of p 1 (i, j) ,p 2 (i, j) , this point can be obtained by solving the following affine equation
Specifically, we have that
Let B = p 1 (i, j) ,p 2 (i, j) , i = 1, . . . ,n t , j > i . Note that p 1 (i, j) ,p 1 (i, j) and p 1 (j, i) ,p 2 (j, i) are the same point.
Combining Theorem 1 and Theorem 2 in [24] , it states that the optimal solution is the point, which is determined as
Combining the two considered cases, i.e., A ∩ F = ∅ and A ∩ F = ∅, the algorithm obtaining the analytical solution is presented in the following pseudo-code:
The Algorithm to Obtain the Analytical Solution of Problem (36) Initialization:
As a result, the optimal sum rate of the SM-RD-MIMO scheme with ZFBF under PTPC is obtained as
where p 1 and p 2 are resulted from Algorithm 1.
D. THE POWER ALLOCATION PROBLEM OF THE O-RD-MIMO SCHEME
In the O-RD-MIMO scheme, we aim to find the best receiver that estimately returns the highest achievable rate in comparison to other receivers. First, we determine the optimal beamforming corresponding to each receiver. Then, we select the receiver that has the highest optimal achievable rate.
From the description of the O-RD-MIMO scheme, the sum power constraint (SPC) can be re-expressed as
since E |s k | 2 = 1. Thus, the instantaneous rate maximization problem of the O-RD-MIMO scheme, which operates as a MISO channel, can be formulated as
It is shown in the literature that the maximum ratio transmission (MRT) beamforming [35] is the optimal linear precoder for such a MISO channel [33] , [36] , [37] , i.e., the optimal solution to problem (45), whose closed-form expression is expressed as
Consequently, the optimal instantaneous achievable rate at receiver k, k ∈ {1, . . . , n r }, is obtained as
Next, the best receiver is selected as
From the optimal achievable rate with respect to receiver k in (47), we have that
As a result, the optimal achievable rate of the O-RD-MIMO scheme is
IV. RESULTS AND DISCUSSIONS
In this Section, we first present analytical and numerical results to validate the correctness of the obtained closed-form solutions to the power allocation problems of the SM-RD-MIMO and O-RD-MIMO schemes. Secondly, we present representative performance comparisons between the two schemes to answer the raised research question in this work. Thirdly, we propose the use of dynamic transmit power threshold to improve the performance in terms of achievable sum rate of the SM-RD-MIMO scheme with ZFBF under PTPC. In addition, we provide detailed data to show how power is allocated among transmitters when different schemes are used.
A. SIMULATION SETTINGS
In the simulation, the channel matrix H is represented as respective channels, and each element ofH is modeled as a circularly symmetric complex Gaussian random variable with zero mean and unit variance, whereas G accounts for the large scale fading in the respective channels, and each element of G is modeled as [G] j←i = d −β j←i , where d j←i denotes the distance from transmitter i to receiver j, and β denotes the path-loss exponent.
For the sake of exposition, we consider the network setting as depicted in Fig. 3, where For instance, for the case of 5 × 2 RD-MIMO system, the channel and precoding matrices used in the simulation are written as
whereh i→j represents the small-scale fading from transmitter i to receiver j, and
Note thatw = w 1w2 is the ZFBF matrix, i.e., the pseudoinverse of the channel matrix.
B. THE PERFORMANCE EVALUATION OF THE SM-RD-MIMO SCHEME
In Fig. 4 , considering the 5 × 2 and 3 × 2 SM-RD-MIMO schemes, we plot the analytical and numerical average sum rates of the SM-RD-MIMO scheme with ZFBF under SPC and under fixed, equal transmit power threshold-based PTPC, i.e., θ m = P/n t , as in [19] . It can be seen that the SM-RD-MIMO scheme indeed improves the performance of the direct source-destination transmission, which is a single-input single-output (SISO) channel. As can be observed from Fig. 4 , the sum rate of the considered scheme under the SPC is greater than that under the fixed, equal TPT-based PTPC. Note that both SPC and PTPC are considered under the same transmit power budget.
Considering the ZFBF under SPC, as can be observed in Fig. 4 , the analytical results and numerical results are matched, which confirms the correctness of the analytical solution in Theorem 1. Considering the ZFBF under fixed, equal TPT-based PTPC, as also can be seen in Fig. 4 , the numerical results obtained from CVX solver and the analytical results obtained from Algorithm 1 are well matched together, which confirms the correctness of Algorithm 1.
It is noteworthy that one advantage of using fixed TPT-based PTPC is the energy saving. Indeed, with the transmit power budget of 20 dBm, the optimal transmit power at each transmitter in mW is presented in Table 1 .
As can be seen in Table 1 , under fixed TPT-based PTPC, the total effective transmit power is 59.6307 mW = 17.7547 dBm, whereas under the SPC, as shown in Table 1 , all the transmit power budget of 20 dBm is used, which means higher energy consumption. 
C. THE PERFORMANCE EVALUATION OF THE O-RD-MIMO SCHEME
For the sake of evaluating the performance of the O-RD-MIMO scheme, we consider the 5 × 2 RD-MIMO network depicted in Fig. 3 . Next, we compare the average rate achieved by the O-RD-MIMO at receiver 1, Rx 1 , and receiver 2, Rx 2 .
As shown in Fig. 5 , the O-RD-MIMO scheme indeed improves the performance of the source-destination SISO communication. In addition, as can be observed from Fig. 5 , the achievable rate at receiver 1 is higher than that achieved at receiver 2. The reason is that the MISO channel condition of receiver 1 is better than that of receiver 2 since receiver 1 is located nearer to the transmit cluster. Thus, in this network setting, receiver 1 is considered at the best receiver. Hence, the transmit cluster is going to transmit all the data of the source to receiver 1.
D. THE PERFORMANCE COMPARISON BETWEEN THE SM-RD-MIMO SCHEME AND THE O-RD-MIMO SCHEME
To answer our research question, in Fig. 7 , we numerically compare the performance of the 5×2 SM-RD-MIMO scheme using ZFBF under either SPC or PTPC versus that of the 5×2 O-RD-MIMO scheme transmitting to the best receiver, i.e., receiver 1, using MRT beamforming.
As can be observed from Fig. 6 , the O-RD-MIMO scheme with MRT beamforming outperforms the SM-RD-MIMO scheme with ZFBF at low transmit SNR regime, and vice versa at moderate and high transmit SNR regime. A possible reason is that with the MRT beamforming, the beamforming direction is the same as the channel direction; thus, the transmit power is more concentrate on the direction toward the targeted receiver. In contrary, the ZFBF tries to handle multiple receivers at the same time and tries to null out the multi-user interference between them; thus, the beamforming direction cannot match with the respective channel direction of each targeted receiver. At low transmit SNR regime, MRT beamforming provides better performance since the transmit power is more concentrated while the ZFBF does not have sufficient transmit power to communicate with two receivers at the same time. At high transmit SNR regime, the ZFBF provides better performance possibly because it exploits more spatial gain. Note that the MISO channel with MRT beamforming just can transmit one interference-free stream of data whereas the SM-RD-MIMO scheme with two receivers with ZFBF can transmit up to maximum two interference-free streams of data.
E. THE PERFORMANCE EVALUATION OF THE SM-RD-MIMO SCHEME WITH ZFBF UNDER DYNAMIC TPT-BASED PTPC
As can be seen through the presented numerical examples, in the SM-RD-MIMO scheme, the ZFBF under fixed transmit power threshold (TPT)-based PTPC achieves less sum rate than that of the ZFBF under SPC. It is noteworthy that this observation is in line with existing works in the literature, such as [19] , [40] . Thanks to the design of RD-MIMO schemes, we propose that the transmit power can be adjusted by the transmit cluster head based on the CSI of the channel to improve the performance of ZFBF under PTPC. In such scenario, the TPT at each individual transmitter is also considered as an optimization variable.
Thus, considering the SM-RD-MIMO scheme with ZFBF under dynamic transmit power threshold-based PTPC, the sum rate maximization problem in (35) now transforms into the following power allocation problem, which is expressed as maximize p k ,k=1,...,n r , θ m ,m=1,...,n t n r k=1
Next, we analyze the performance the SM-RD-MIMO scheme with ZFBF under dynamic TPT-based PTPC by numerically solving problem (52) using the CVX solver.
As can be seen from Fig. 7 , the ZFBF under dynamic TPT-based PTPC provides the same achievable sum rate as that of the ZFBF under SPC. It is noteworthy that the ZFBF under dynamic TPT-based PTPC can be recognized as a tailored design for the SM-RD-MIMO scheme. Indeed, the transmitters in the transmit cluster are spatially distributed and each transmitter might have different energy status. By considering the dynamic TPT at each transmitter, the transmit with low remaining power status can be assigned to transmit with low transmit power, whereas the overall performance of the SM-RD-MIMO scheme can be achieved as optimal as using ZFBF under SPC.
To see more details of power allocation of ZFBF under SPC and dynamic TPT-based PTPC, in Table 2 , we provide the detail power allocation of ZFBF under the both types of power constraints.
As can be seen in Table 2 , all the transmit power budget is used when the ZFBF under dynamic TPT-based PTPC is used, which is contrast to the energy saving feature of the ZFBF under fixed TPT-based PTPC. Additionally, the amount of power that allocated to the transmissions to receiver 1 and receiver 2 under two types of power constraints are almost the same. Note the power allocation under SPC is done via the water-filling algorithm while the power allocation under dynamic TPT-based PTPC is done numerically via solving problem (52) using the CVX solver.
Remark: It is noteworthy that the pseudo-inverse-based ZF in (28) is the optimal beamforming strategy for the case of sum power constraint (SPC), i.e., problem (29) , as reported in [16] , [19] , [33] , however, it is sub-optimal beamforming strategy for the case of fixed and equal TPT-based PTPC, as demonstrated earlier in Fig. 4 . This observation indeed motivates us to consider the dynamic transmit power threshold, θ m , m = 1, . . . , n t , in our work. We show through numerical results that, using ZFBF, the achieved sum rate under dynamic TPT-based PTPC is the same as that under SPC. To the best of the authors' knowledge, this observation has not been reported in the literature.
V. CONCLUSION
In this paper, we focus on the implementation of the reconfigurable distributed multiple-input multiple-output (RD-MIMO) schemes in practical communication environment such as massive machine type communication (mMTC) in 5G and beyond networks. In RD-MIMO, a transmit (receive) central unit recruits adjacent individual transmitters (receivers) to form a MIMO transmission scheme to assist the data transmission from a source to a destination. Considering the RD-MIMO scheme as an intermediate tool in the sourcedestination data transmission, we raise the research question that whether recruiting-then-transmitting to all available receivers is better than recruiting-then-transmitting to only one best receiver. To this end, we propose the spatial multiplexing (SM-) RD-MIMO scheme and the opportunistic (O-) RD-MIMO scheme.
Aiming to maximize the sum rate of the proposed RD-MIMO schemes, we formulate the power allocation problems of the SM-RD-MIMO scheme with ZFBF and the O-RD-MIMO scheme with MRT beamforming. Specifically, we consider the power allocation problem of ZFBF-based SM-RD-MIMO scheme under SPC and PTPC, and that of MRT beamforming-based O-RD-MIMO scheme under SPC. We derive the closed-form solutions to the formulated problems under some specific network settings.
Through representative analytical and numerical results, we are able to answer the raised research question as follows. The SM-RD-MIMO scheme outperforms the O-RD-MIMO scheme at moderate and high transmit SNR regimes, and vice versa at low transmit SNR regime. In the SM-RD-MIMO scheme, ZFBF under SPC is superior than that under fixed TPT-based PTPC, whereas ZFBF under dynamic TPT-based PTPC provides the same performance as that of ZFBF under SPC.
APENDIXES
A. THE TRANSFORMATION OF PROBLEM (27) INTO PROBLEM (29) In this appendix, we present the transformation of problem (27) to problem (29) . First, we present the following Lemma related to the pseudo-inverse matrix. √ p 1w 1←n t · · · √ p n rw n r ←n t    is the pseudo-inverse matrix and P = diag(p 1 , . . . ,p n r ), the term w i 2 can be expressed as
Proof: By making use of the fact that tr WW H = tr W H W [38] , we have that tr W H W = tr P 1/2 HW HW P 1/2 = tr P 1/2 P 
where the second equal sign happens due to the fact that tr (ABC) = tr (CAB) [38] . Next, we have that 
Thus, the sum rate maximization problem (27) transforms into the power allocation problem as presented in (29) .
B. THE PROOF OF THEOREM 1
In order to facilitate the calculation, we express the sum rate in nats/sec/Hz using the natural logarithm, and the optimization problem can be re-written as ψ k ≥ 0 (64d) ψ k p k = 0 (64e) ∂L (p k , λ) ∂p k = 0, k = 1, . . . , n r (64f)
It can be noticed that ψ k acts as a slack variable, so it can be eliminated [39] . After some algebraic steps, we have that
As a result, λ must be positive, substituting (65) into condition (62b), which is now an active constraint, yields 
For the sake of notational convenience, let µ = 1/λ denote the power-level (water-level), we obtain the water-filling solution as presented in Theorem 1. This completes the proof of Theorem 1.
